High-affinity iron uptake in gram-negative bacteria depends upon TonB, a protein which couples the proton motive force in the cytoplasmic membrane to iron chelate receptors in the outer membrane. To advance studies on TonB structure and function, we expressed a recombinant form of Escherichia coli TonB lacking the N-terminal cytoplasmic membrane anchor. This protein (H 6 -TonB; M r , 24,880) was isolated in a soluble fraction of lysed cells and was purified by virtue of a hexahistidine tag located at its N terminus. Sedimentation experiments indicated that the H 6 -TonB preparation was almost monodisperse and the protein was essentially monomeric. The value found for the Stokes radius (3.8 nm) is in good agreement with the value calculated by size exclusion chromatography. The frictional ratio (2.0) suggested that H 6 -TonB adopts a highly asymmetrical form with an axial ratio of 15. H 6 -TonB captured both the ferrichrome-iron receptor FhuA and the ferric enterobactin receptor FepA from detergent-solubilized outer membranes in vitro. Capture was enhanced by preincubation of the receptors with their cognate ligands. Cross-linking assays with the purified proteins in vitro demonstrated that there was preferential interaction between TonB and ligand-loaded FhuA. Purified H 6 -TonB was found to be stable and thus shows promise for high-resolution structural studies.
Bacteria seeking to colonize aerobic environments at physiological pH are faced with the practical insolubility of an essential nutrient, iron. Further limiting the availability of iron in vertebrate hosts are iron-chelating proteins, such as lactoferrin and transferrin. Gram-negative bacteria respond to iron deficiency by derepressing expression of a series of high-affinity iron transport systems (7, 8, 52) . Such systems bind iron chelates (siderophores and host iron-binding compounds) by means of receptors located in the outer membrane. A parallel system for uptake of vitamin B 12 is induced when cobalamins are scarce in the environment. Bound ligands are then transported into the periplasm for internalization by ATP-binding cassette transporters located in the cytoplasmic membrane. The outer membrane transport step depends upon the electrochemical proton gradient across the cytoplasmic membrane (5, 20, 49) and upon the cytoplasmic membrane-anchored proteins TonB, ExbB, and ExbD to transduce this energy across the periplasm (23, 32, 35, 40, 45) . To date, more than 20 outer membrane proteins whose functions depend upon TonB have been identified (57) .
Recently, significant advances in understanding high-affinity iron uptake in bacteria came from determinations of the threedimensional crystal structures at atomic resolution of the ferrichrome-iron receptor FhuA (17, 37) and the ferric-enterobactin receptor FepA (11) of Escherichia coli. Perhaps the most surprising part of the receptor structures was the Nterminal 160-amino-acid cork or plug that is organized into a globular domain and is held in the 22-strand ␤-barrel by an extensive network of hydrogen bonds and salt bridges. An elegant structural comparison of FhuA with and without bound ferrichrome-iron revealed uncoiling of the switch helix (residues 24 to 29) from the cork and striking displacement of certain residues (for example, Glu 19 by more than 1.7 nm) upon ligand binding (17, 37) . What is the outcome of transduction of this signal across the N-terminal cork domain? An earlier study identified conformational changes in an N-terminal periplasmic region of FhuA in response to binding of ferricrocin, a ferrichrome analogue (42) . Such ligand-dependent alterations, which may be closely related to those defined by X-ray crystallography, are likely to promote the association between TonB and TonB-dependent receptors, as has been demonstrated for FhuA (43) and for FepA (32) , and thereby promote ligand translocation through the receptor. Such a mechanism ensures efficient expenditure of energy since TonB interacts preferentially with those receptors to which ligand has bound (24, 40) . However, the molecular mechanism of energy transduction remains unclear. Kadner and colleagues (12, 13) recently identified interacting pairs of residues in the vitamin B 12 receptor BtuB and TonB; certain cysteine substitution mutations toward the N terminus of BtuB (the TonB box) were effectively disulfide cross-linked in vivo to phenotypically compensatory cysteine substitutions around amino acid 160 of TonB. A recent spectroscopy study (39) monitored the dynamics of spin-labeled BtuB variants within isolated outer membranes. Addition of substrate resulted in rapid unfolding of the N-terminal part of the protein in the vicinity of the spin labels. Combined, the results that have been obtained demonstrate that the TonB box of BtuB cycles between constrained and accessible conformations and that the latter may allow TonB to bind to the TonB box of BtuB (13, 39) . Complete removal of the TonB box, however, does not eliminate all TonB-dependent receptor activity. Indeed, a FhuA variant carrying a deletion of most of the cork domain (FhuA⌬5-160) and thus devoid of its TonB box still transported ferrichrome in a TonB-and energy-dependent manner, albeit at a rate that was significantly lower than the wild-type FhuA rate (6) .
TonB is essentially a periplasmic protein with an uncleaved hydrophobic N terminus (47) anchored in the cytoplasmic membrane both in Salmonella enterica serovar Typhimurium (21) and in E. coli (50) . How might TonB maintain its connection to the cytoplasmic membrane and at the same time modulate the activity of receptors in the outer membrane? The proline-rich regions between residues 70 and 102 of TonB from E. coli ( (16, 21, 58 ) that may contribute to the interaction between the C-terminal 60 residues of TonB (2, 31, 35) and outer membrane-localized receptors under certain osmotic conditions (28) .
The N-terminal anchor also plays a critical role in the function of TonB (22, 25) . Although certain TonB variants with altered N termini retain the ability to bind to outer membrane receptors (22, 29, 35) , point mutations affecting this predicted ␣-helical transmembrane domain disrupt interaction with the cytoplasmic membrane protein ExbB and abolish ferric siderophore transport and killing by TonB-dependent phages and protein antibiotics termed colicins (29, 32) . Mutations in ExbB or ExbD or overexpression of TonB without concomitant overexpression of ExbB or ExbD increased the rate of degradation of TonB and reduced TonB-dependent receptor activity (1, 18, 53) . Such susceptibility to endogenous proteolysis has impeded isolation of TonB from E. coli. To overcome these difficulties, we expressed a soluble derivative of E. coli TonB lacking the N-terminal cytoplasmic membrane anchor. Here we describe purification of this hexahistidine-tagged TonB variant (H 6 -ЈTonB), show that it retains affinity for the TonB-dependent receptors FhuA and FepA, and demonstrate that it responds to the ligand occupation status of these receptors. The stability of H 6 -ЈTonB and its ability to interact with TonB-dependent receptors imply that the protein is amenable to further structurefunction studies. (43) , and KP1120fhuA (43) were used to evaluate the specificity and titer of polyclonal anti-TonB chicken serum. QIAprep spin miniprep columns, a QIAquick PCR purification kit, and Ni 2ϩ -nitrilotriacetate (NTA) agarose resin were purchased from Qiagen (Courtaboeuf, France); plasmid pET-28 was obtained from Novagen (Madison, Wis.). Restriction enzymes, Pwo thermostable proofreading DNA polymerase, and T4 DNA ligase were purchased from Eurogentec (Seraing, Belgium). Antihistidine monoclonal antibody, bromochloroindolyl phosphate, nitroblue tetrazolium, phenylmethylsulfonyl fluoride, and formaldehyde (37% solution in water) were obtained from Sigma-Aldrich (Saint Quentin Fallavier, France). Protease inhibitor cocktail (Complete) tablets and 4-(2-aminoethyl)-benzenesulfonyl fluoride hydrochloride (Pefabloc SC) were purchased from Roche Diagnostics (Meylan, France) and were used as recommended by the manufacturer.
MATERIALS AND METHODS

Bacterial strains and reagents. E. coli
Cloning of TonB. The tonB gene (46) was amplified by PCR from 20 ng of chromosomal DNA of E. coli XL-1 Blue. The reaction mixture included 1.5 U of the proofreading DNA polymerase Pwo and 50 pmol (each) of primers that were designed to incorporate 5Ј NdeI and 3Ј XhoI sites for cloning the amplified product into pET-28. The sequences of the PCR primers were as follows: forward primer, 5Ј-TCAGTCCATATGCATCAGGTTATTGAACTA (the NdeI site is underlined; the CAT codon in bold face type encodes His 33 of the TonB sequence [46] ); and reverse primer, 5Ј-TCGATCCTCGAGTTACTGAATTTC GGTGGT (the XhoI site is underlined; the TTA in boldface type is reverse and complementary to the stop codon of the chromosomal tonB sequence and is preceded by the codon for the C-terminal Gln 239 of the TonB sequence). PCR products were trimmed with NdeI and XhoI and ligated to pET-28 that had been restricted with the same enzymes.
Expression and purification of soluble histidine-tagged TonB. The plasmid encoding H 6 -ЈTonB was transformed into E. coli ER2566, and 500-ml cultures in Luria broth plus kanamycin (30 g/ml) were induced with 0.5 mM isopropyl ␤-D-thiogalactopyranoside (IPTG). Cells were collected by centrifugation and suspended in 50 ml of 100 mM sodium phosphate, pH 7.9. Protease inhibitor cocktail tablets and phenylmethylsulfonyl fluoride were added, and all steps were carried out at 4°C or on ice. Cells were lysed by sonication, and the cleared supernatant was mixed with 5 ml of equilibrated Ni 2ϩ -NTA agarose resin in batch for 30 min. Protein was eluted with an imidazole step gradient and was dialyzed extensively against 100 mM sodium phosphate, pH 7.9.
Anti-TonB antibodies. White Leghorn hens (Genaxis, Montigny le Bretonneux, France) were immunized subcutaneously at 3-week intervals with 100 g of purified H 6 -ЈTonB in Freund's complete adjuvant. Immune serum drawn 2 weeks after the first boost revealed anti-TonB titers of 1:15,000 relative to the preimmune control serum in an enzyme-linked immunosorbent assay (ELISA) with purified H 6 -ЈTonB. The specificity of the anti-TonB immune serum was confirmed by blotting against whole-cell extracts of E. coli KP1060 (TonB ϩ ) and KP1120 (tonB).
Characterization of H 6 -TonB and of the H 6 -TonB-FhuA.H 6 complex by size exclusion chromatography. Proteins were applied to a Superose 12 HR 30/10 column (Pharmacia) equilibrated either in 100 mM sodium phosphate buffer (pH 7.9) or in 20 mM Tris-HCl (pH 8.0)-150 mM NaCl-0.1% lauryldimethylamine oxide (TLN buffer). The flow rate was kept at 0.25 ml/min. To calibrate the Superose 12 column, we obtained experimental values for the elution volumes (V e ) of the following standard globular proteins with known Stokes radii (R s ): thyroglobulin (R s ϭ 8.6 nm; V e ϭ 8.8 ml), ferritin (R s ϭ 6.3 nm; V e ϭ 10.7 ml), catalase (R s ϭ 5.2 nm; V e ϭ 11.7 ml), aldolase (R s ϭ 4.6 nm; V e ϭ 12.0 ml), bovine serum albumin (R s ϭ 3.5 nm; V e ϭ 12.5 ml), ovalbumin (R s ϭ 2.8 nm; V e ϭ 13.4 ml), chymotrypsinogen A (R s ϭ 2.1 nm; V e ϭ 14.9 ml), and RNase A (R s ϭ 1.75 nm; V e ϭ 15.5 ml). The partition coefficient (K D ) was calculated with the equation
, where V 0 is the void volume of the column (7.3 ml) and V t is the total volume of the column (21.0 ml). Dextran blue 2000 was used as a marker of the void volume. The total volume was measured by using NaNO 3 (80 mM) (3, 34) . The calibration curve R s as a function of K D (data not shown) was the fit obtained with a polynomial of degree 3 (correlation coefficient ϭ 0.989).
For size exclusion chromatography of the FhuA-H 6 -ЈTonB complex, hexahistidine-tagged FhuA protein (FhuA.H 6 ) (42) was purified from TLN buffersolubilized outer membrane preparations of E. coli HO830fhuA(pHX405) as described previously (27) . For experiments with ferricrocin-iron, the iron-loaded, FhuA-specific siderophore was preincubated with samples at a twofold molar excess relative to FhuA.H 6 prior to chromatography. Under these conditions, in the presence of detergent, ferricrocin-iron was efficiently bound by FhuA.H 6 , as shown by the reduction in the area of the ferricrocin-iron (M r , 740) peak (data not shown on chromatograms). Size exclusion chromatography was performed at room temperature.
Analytical ultracentrifugation. Sedimentation velocity and sedimentation equilibrium measurements were obtained by using an AN 60-Ti rotor in a Beckman XL-A analytical ultracentrifuge equipped with an optical absorbance system (Laboratoire d'Enzymologie, Centre National de la Recherche Scientifique, Gif-sur-Yvette, France). All measurements were obtained at 20°C and in 100 mM sodium phosphate, pH 7.9. The concentration of H 6 -ЈTonB was 0.8 mg/ml. For velocity centrifugation, a rotor speed of 12,000 rpm was used. Sedimentation equilibrium runs were performed at 12,000 and 18,000 rpm. After the final set of equilibrium scans was recorded, the rotor speed was increased to 30,000 rpm to clear the meniscus of residual protein in order to calculate the baseline absorbance and thus the corrected concentration at each radial incre-ment. XL-A data analysis software (Beckman) was used to calculate the protein distributions at equilibrium. Various fitting models for single data sets were used to obtain best fits in which the residuals were distributed evenly around the mean, meeting normality assumptions. The partial specific volume of the protein ( ) was calculated on the basis of the amino acid composition and was taken to be 0.7376 cm 3 /g. The buffer density () and viscosity () were taken to be 1.007 g/ml and 1.04, respectively. The R s of the protein was calculated from the sedimentation coefficient (S 20, w ) by using the following equation:
where M* is the molecular mass of the anhydrous protein and N is Avogadro's number. The frictional ratio (R s /R min ) was calculated as described by Tanford et al. (56) by using the relationship:
Interaction assays. For small-scale solution assays we used wild-type FhuA protein that was purified by ion-exchange chromatography and chromatofocusing (3) and H 6 -ЈTonB that was purified as described above. All incubations were performed at room temperature. Purified FhuA (10 g; 120 pmol) was incubated either with a 20-fold molar excess of ferricrocin-iron or without the siderophore in TLN buffer in a total volume of 100 l for 5 min. Purified H 6 -ЈTonB (2.4 g; 100 pmol) was added, and incubation was continued for 1 h. To each tube 5 l of packed Ni 2ϩ -NTA agarose resin that previously had been equilibrated in TLN buffer was added. After incubation for 30 min, the resin was pelleted by centrifugation and washed extensively with TLN buffer. Bound protein was eluted with 20 l of 100 mM EDTA in TLN buffer, mixed with an equal volume of denaturing electrophoresis sample buffer, boiled for 2 min, resolved on 10% polyacrylamide gels, and visualized by Coomassie blue staining. Immunoblotting of duplicate gels (data not shown) using either an antihistidine monoclonal antibody or anti-TonB polyclonal chicken antibodies and anti-FhuA monoclonal antibody Fhu8.3 (41) confirmed the identity and integrity of each protein.
ELISA. Microtiter plates (Nunc ImmunoSorp Delta; Life Technologies, Cergy Pontoise, France) were coated with (per well) 1 g (40 pmol) of H 6 -ЈTonB in 50 mM Tris-HCl (pH 8.0)-150 mM NaCl (TBS) containing 0.1% Triton X-100 overnight at 4°C. The wells were blocked with TBS containing 0.1% Triton X-100, 0.1% bovine serum albumin, and 1% nonfat milk (blocking buffer). An overlay of 1 g (12 pmol) of purified FhuA.H 6 in blocking buffer, either preincubated or not preincubated with a 20-fold molar excess of ferricrocin-iron, was added to each well, and each plate was incubated for 1 h at 37°C. The wells were washed with blocking buffer, and anti-FhuA monoclonal antibodies (Fhu4.1 or Fhu8.1 as hybridoma culture supernatants diluted 10-fold in blocking buffer) were added. After 1 h of incubation at 37°C followed by extensive washing, primary antibodies were detected with alkaline phosphatase-conjugated antimouse antibodies and para-nitrophenylphosphate. Mean background A 405 values were subtracted, and the antibody reactivities (A 405 values) for eight replicates were analyzed by using the Student t test. Other controls, to which no H 6 -ЈTonB was added before blocking and subsequent addition of FhuA.H 6 or ferricrocinloaded FhuA.H 6 , showed background levels of antibody binding.
Formaldehyde cross-linking. Purified H 6 -ЈTonB (4 g) in 100 mM sodium phosphate (pH 7.9) was incubated with purified FhuA.H 6 (4 g) in a buffer consisting of 100 mM sodium phosphate (pH 7.9), 100 mM NaCl, and 0.9% octylglucoside for 30 min at the ambient temperature. In some experiments, NaCl was included at a final concentration of 1 M. Formaldehyde was added to a concentration of 0.1% (vol/vol), and the cross-linking reaction was allowed to proceed for either 5 or 20 min at the ambient temperature. Samples were mixed with electrophoresis sample buffer, heated at 60°C for 5 min, and applied to sodium dodecyl sulfate (SDS)-7.5% polyacrylamide gels. Proteins were visualized by immunoblotting by using anti-FhuA monoclonal antibodies or anti-TonB polyclonal chicken antibodies and alkaline phosphatase-conjugated secondary antibodies with bromochloroindolyl phosphate and nitroblue tetrazolium. Alternatively, antihistidine monoclonal antibodies were used to reveal both H 6 -ЈTonB and FhuA.H 6 on the same blot. Formaldehyde targets lysine, cysteine, and tyrosine and, to a lesser extent, tryptophan, histidine, aspartate, and arginine for cross-linking (10) .
Capture of FepA and FhuA by H 6 -TonB. E. coli ER2566 (fepA ϩ fhuA) and KP1060 (fhuA ϩ fepA) were grown to saturation in 500 ml of L broth with 100 M 2,2-dipyridyl, harvested by centrifugation, and suspended in 40 ml of TBS. Cells were lysed by sonication on ice, and the lysate was centrifuged at 15,000 ϫ g for 20 min at 4°C to pellet membranes and unlysed cells. The pellet was resuspended in 10 ml of TBS containing 5 mM EDTA and 1% lauryldimethylamine oxide.
After stirring for 30 min at the ambient temperature, the samples were centrifuged, and the resulting supernatants were dialyzed against TLN buffer to remove the EDTA. Total protein concentrations were determined by the detergent-compatible bicinchoninic acid assay (55) and adjusted to 2 mg/ml with TLN buffer. For a typical capture assay, 5 g of purified H 6 -ЈTonB was incubated for 1 h at the ambient temperature with 200 g of total TLN buffer-soluble membrane extract containing either FepA (extract of strain ER2566) or FhuA (extract of strain KP1060) that in some experiments was preincubated for 10 min with either 2 g of purified colicin B (an FepA-specific protein antibiotic) or 10 g of ferricrocin-iron (an FhuA-specific iron chelate). The equivalent of 10 l of packed Ni 2ϩ -NTA agarose resin was added to each tube, and the samples were incubated for 30 min at the ambient temperature. The resin was pelleted, washed extensively with TLN buffer, and incubated with 20 l of 100 mM EDTA in TLN buffer to elute the bound protein. Eluted protein samples were each mixed with an equal volume of electrophoresis sample buffer and boiled, and 8-l portions were applied to SDS-7.5% polyacrylamide gels. After transfer to nitrocellulose membranes, proteins were revealed by immunoblotting with monoclonal antibodies directed against either FepA (a gift from M. A. McIntosh) or FhuA (antibody Fhu8.3) (41). For control experiments the same protocol was used except that H 6 -ЈTonB was omitted.
RESULTS
Expression and purification of hexahistidine-tagged TonB.
The tonB gene was amplified from the chromosome of E. coli by using PCR primers designed to eliminate codons for its N-terminal 32-amino-acid hydrophobic predicted transmembrane anchor (50) . Vector-derived sequences appended a 20-amino-acid N-terminal extension, including a stretch of six histidine residues, to the truncated TonB to facilitate purification. Cell fractionation indicated that the majority of the membrane anchorless histidine-tagged TonB protein was present in the cytoplasm. In Ni 2ϩ -chelate chromatography, a major H 6 -ЈTonB peak was recovered with 100 and 150 mM imidazole steps (Fig. 1A) . Interestingly, H 6 -ЈTonB (M r , 24,880) migrated with a relative mobility of ca. 35 kDa in SDS-polyacrylamide gel electrophoresis (PAGE) gels, like wild-type TonB (M r , 26,100; relative mobility, 36 kDa [32, 47] ). The identity of H 6 -ЈTonB was confirmed by immunoblotting duplicate gels with a monoclonal antibody specific for the hexahistidine tag (Fig. 1B) and with polyclonal chicken antibodies specific for TonB. Despite the presence of minor contaminating proteins that migrated with a relative mobility of ca. 75 kDa, H 6 -ЈTonB represented 90 to 95% of the eluted protein, as judged from Coomassie blue-or silver-stained gels. The yield of H 6 -ЈTonB protein was 10 mg from 500 ml of induced culture, and the protein was stable for several days at room temperature and for several weeks at 4°C.
Characterization of H 6 -TonB by sedimentation equilibrium and sedimentation velocity. The state of aggregation of H 6 -ЈTonB and its molecular mass were assessed from a sedimentation equilibrium. A plot of the natural logarithm of the corrected protein concentration versus the square of the radial distance (Fig. 2) revealed a slight deviation from linearity, an indication of minor heterogeneity in the sample. The slope of this plot yields a quantity that is formally equal to M‫1(ء‬ Ϫ ), where M‫ء‬ is the molecular mass of the anhydrous protein, is the partial specific volume of the protein, and is the buffer density. A molecular mass of 30 kDa was deduced from values obtained at both 12,000 and 18,000 rpm. The deviation from the theoretical molecular mass of H 6 -ЈTonB (24.9 kDa) led us to search for contributions from a protein(s) having a higher molecular mass. Two further fittings were performed with data collected at 18,000 rpm (data not shown). Both the ideal, two-independent-population model and the self-association model were consistent with 85 to 90% of the protein being monomeric and the remainder being dimeric.
Sedimentation velocity experiments allowed determination of the sedimentation coefficient. From the value found (1.4 S) we calculated (equation 1) that the R s for the H 6 -ЈTonB protein was 3.8 nm. A value of 1.9 nm for R min was calculated with equation 2. The value found for the frictional ratio (R s /R min ), 2.0, suggests that H 6 -ЈTonB is rather elongated. Similar calculations were done assuming a hydration level of 0.3 g of H 2 O/g of protein (45) , and these calculations led to a value for R min of 2.1 nm and a value for the frictional ratio of 1.8. Data were best fit to a hydrated cylinder model with a length of 24 nm and a diameter of 1.6 nm, corresponding to an axial ratio (a/b) of 15. Size exclusion chromatography of H 6 -TonB. Gel filtration analysis of purified H 6 -ЈTonB in phosphate buffer revealed a single well-defined A 280 peak that eluted at 12.1 ml (Fig. 3A) . The gel filtration elution profile of purified H 6 -ЈTonB in the detergent-containing TLN buffer, which was used later in interaction studies with FhuA, was markedly different (Fig. 3B) ; H 6 -ЈTonB eluted as a major A 280 peak (80% of the total peak area) at 12.5 ml and as a minor broad peak (15% of the total peak area) centered at 10.8 ml. The column was calibrated with proteins having known R s , and the retention volumes of these proteins were not significantly different whether the column had been equilibrated in phosphate buffer or in TLN buffer. The R s of H 6 -ЈTonB was estimated from the calibration curve of R s versus K D ; the value in phosphate buffer was 4.3 nm, whereas the major A 280 peak in TLN buffer corresponded to an R s of 4.1 nm. From the known sedimentation coefficient value (1.4 S), we estimated the molecular mass of H 6 -ЈTonB using equation 1 (see Materials and Methods). The values found (28 kDa in phosphate buffer, 26 kDa in TLN buffer) are in reasonable agreement with the molecular masses of H 6 -ЈTonB calculated from its sequence (24.9 kDa) and determined by sedimentation equilibrium (30 kDa). Determination of the R s and molecular mass of the species corresponding to the minor peak that eluted in TLN buffer suffered from uncertainty due to the broadness of the peak.
Purified H 6 -TonB and wild-type FhuA interact in solution. A small-scale solution assay was developed to investigate whether purified H 6 -ЈTonB could interact with FhuA, a prototypic TonB-dependent receptor of E. coli. A previous study demonstrated that purified histidine-tagged FhuA (FhuA.H 6 ) (42) bound wild-type TonB from detergent-solubilized cell extracts and that the resulting complex could be captured from solution by using Ni 2ϩ -NTA agarose resin (43) . Similar assays performed with H 6 -ЈTonB, therefore, necessitated the use of purified wild-type FhuA (3) so that only one of the two partners possessed the hexahistidine tag. By a number of criteria, including antibody reactivity, ligand binding in vitro and in vivo, and three-dimensional structure (17, 37, 42) , wild-type FhuA and FhuA.H 6 are structurally and functionally equivalent. After incubation of FhuA and H 6 -ЈTonB in vitro, complexes were captured with Ni 2ϩ -NTA agarose and examined by SDS-PAGE. While capture of FhuA by H 6 -ЈTonB apparently required prior binding of ferricrocin-iron to FhuA (Fig. 4,  compare lanes 3 and 4) , overloading of the gels (data not shown) allowed visualization of small amounts of FhuA that were recovered without addition of the siderophore. The FhuA-ferricrocin-iron complex that was incubated under the same conditions but in the absence of H 6 -ЈTonB showed no affinity for the resin (Fig. 4, lane 2) , demonstrating the specificity of the capture. Since colicin B, an FepA-specific protein antibiotic, was unable to promote the FhuA-H 6 -ЈTonB interaction (data not shown), the small-scale assay therefore established that purified H 6 -ЈTonB formed a specific complex with FhuA since complex formation was greatly augmented by prior binding of ferricrocin-iron to the receptor. As assessed by Student's t test, the differences in the mean absorbance values for the eight replicates were highly significant (P Ͻ 10 Ϫ5 ). Since the reactivities of anti-FhuA monoclonal antibodies Fhu4.1 and Fhu8.1 are independent of the presence of ferricrocin-iron bound to the receptor (42), we concluded that ferricrocin-iron substantially increased the association between FhuA and TonB. A second ELISA, in which FhuA.H 6 (either with or without pretreatment with ferricrocin-iron) was used to coat the microtiter plate, H 6 -ЈTonB was the second layer, and bound H 6 -ЈTonB was detected by anti-TonB polyclonal chicken antibodies, produced similar results.
Quantitation of ligand-induced formation of the
Purified H 6 -TonB and FhuA.H 6 proteins form a formaldehyde-cross-linked complex in vitro. Previous studies identified complexes between TonB and FepA (54) and between TonB and FhuA (43) that were formed in vivo and were stabilized by formaldehyde cross-linking. We performed a formaldehydecross-linking experiment after allowing H 6 -ЈTonB and FhuA.H 6 to interact in solution in an effort to estimate the molecular mass of the complex. FhuA.H 6 remained exclusively monomeric in the presence of 0.1% formaldehyde (Fig. 5A) . While purified H 6 -ЈTonB remained monomeric following incubation with formaldehyde (Fig. 5B, compare lanes 1 and 2) , the protein showed a slight tendency to oligomerize into complexes with apparent mobilities between 70 and 80 kDa as visualized by immunoblotting of overloaded gels (data not shown). Incubation of the purified proteins together using an approximately threefold molar excess of H 6 -ЈTonB over FhuA led to recruitment of a fraction of each protein into a complex with a molecular mass of ca. 150 kDa (Fig. 5A and B, lane 6) as revealed by immunoblotting with FhuA-and TonB-specific antibodies. This finding can be considered in agreement with the relative mobility of the complex as determined after formaldehyde cross-linking in vivo (43) , allowing for a certain degree of error given (i) the imprecision of relating relative mobility to molecular mass for unboiled cross-linked samples and (ii) the demonstrated aberrant migration of TonB and H 6 -ЈTonB in polyacrylamide gels. Preincubation of FhuA with ferricrocin-iron increased slightly the abundance of the TonBFhuA complex without altering its apparent molecular mass ( Fig. 5A and B, lane 8) .
The cross-linking results demonstrated that FhuA formed a complex with TonB even in the absence of an FhuA-specific ligand. This result apparently conflicted with the results of the solution capture assay which demonstrated the need for ligand occupation of FhuA for formation of significant amounts of a complex with TonB. We addressed this apparent discrepancy by cross-linking in the presence of a high concentration of salt to increase the stringency of the interaction environment. While under stringent conditions in the absence of the ligand the efficiency of formaldehyde cross-linking was greatly reduced (Fig. 6, compare lanes 1 and 2 and lanes 5 and 6) , the ferricrocin-loaded FhuA-H 6 -ЈTonB complex was stable in the presence of 1 M NaC1 (Fig. 6, lanes 4 and 8) .
Characterization of H 6 -TonB-FhuA.H 6 complexes by size exclusion chromatography. Since results from the gel filtration experiments were in good agreement with the sedimentation data, size exclusion chromatography was used to further characterize the H 6 -ЈTonB-FhuA.H 6 complex. Purified FhuA.H 6 eluted in a major A 280 peak at 11.6 ml (Fig. 3C) . The value obtained for its R s (4.8 nm) is close to that determined for wild-type FhuA in octylglucoside-containing buffer (4.5 nm) (3). It is therefore highly likely that the A 280 peak corresponds to the monomeric form of FhuA.H 6 plus its detergent belt (total M r , 185,000). The presence of ferricrocin-iron had no effect on the elution profile of FhuA.H 6 or H 6 -ЈTonB (data not shown). It should be noted that the A 280 maximum of the H 6 -ЈTonB peak (Fig. 3A and B [270 and 250 g of H 6 -ЈTonB applied, respectively]) was markedly lower than the A 280 maximum of the FhuA.H 6 peak (Fig. 3C [200 g of FhuA.H 6 applied]). Protein concentrations were determined carefully prior to chromatography (55) and were validated by estimation from both Coomassie blue-and silver-stained polyacrylamide gels with protein standards. The presence of a single tryptophan residue in H 6 -ЈTonB compared to nine tryptophan residues in FhuA.H 6 may in part explain the relatively weak A 280 of H 6 -ЈTonB. Addition of increasing amounts of H 6 -ЈTonB relative to FhuA.H 6 in the absence of ferricrocin-iron did not significantly shift the position of the eluting peak (Fig. 7) , which corresponded well to the pure FhuA.H 6 peak (11.6 ml) (Fig. 3C) . In marked contrast, addition of increasing amounts of H 6 -ЈTonB to ferricrocin-loaded FhuA.H 6 progressively shifted the A 280 peak to 10.7 ml (Fig. 7) . At equimolar ratios of H 6 -ЈTonB and ferricrocin-loaded FhuA (Fig. 7C) , the peak at 10.7 ml accounted for more than 96% of the total peak area. SDS-PAGE analysis (data not shown) confirmed the identities of FhuA.H 6 and H 6 -ЈTonB in the eluates and their shift to earlier fractions when ferricrocin was present; even at the lowest molar ratio of H 6 -ЈTonB to ferricrocin-loaded FhuA (10-fold molar excess of FhuA) (Fig. 7A) , H 6 -ЈTonB was found exclusively in fractions corresponding to the earliest elution volumes. These results are best explained by ferricrocin-induced formation of a complex between FhuA.H 6 and H 6 -ЈTonB. The R s of the complex, as deduced from the calibration curve relating R s to K D , was 6.2 nm. R min was calculated by using equation 2 (see Materials and Methods); in this analysis the partial specific volume of FhuA was taken to be 0.776 cm 3 /g (3) and it was assumed that H 6 -ЈTonB bound to FhuA in its detergent-bound form (total M r , 185,000) (3). An R min value was calculated by assuming that the H 6 -ЈTonB-FhuA.H 6 molar stoichiometry was 1/1 with both proteins hydrated. With this value (R min ϭ 4.4), we estimated that the frictional ratio (R s /R min ) was 1.4, a value significantly different from and between the frictional ratio values of H 6 -ЈTonB (1.8) and FhuA (1.2); the latter value is typical for a globular protein (3) .
Capture of FepA by histidine-tagged TonB. We hypothesized that H 6 -ЈTonB could bind not only to FhuA but also to other TonB-dependent receptors. The ferric enterobactin receptor FepA was chosen to test this hypothesis. E. coli cells expressing wild-type FepA from the chromosome were lysed, the membranes were solubilized in detergent-containing buffer, and portions (pretreated or not pretreated with the FepA-specific ligand colicin B [48] ) were incubated with H 6 -ЈTonB. Complexes were captured with Ni 2ϩ -NTA agarose and identified by immunoblotting with an anti-FepA monoclonal antibody. FepA was detected as a single band at ca. 80 kDa in the eluate (Fig. 8A) . Formation of the complex between FepA and H 6 -ЈTonB was specific since pretreatment with the FepAspecific ligand colicin B increased substantially the abundance of the FepA-H 6 -ЈTonB complex (Fig. 8A , compare lanes 6 and 7) and since FepA alone showed no affinity for the resin in the absence of H 6 -ЈTonB (Fig. 8A , lanes 2 and 3 [negative controls]). A control experiment confirmed that wild-type FhuA, also expressed from the chromosome, was bound by H 6 -ЈTonB; capture of wild-type FhuA was greatly enhanced by preincubation of wild-type FhuA with ferricrocin-iron (Fig. 8B, lanes  6 and 7) or with a crude cell extract containing the FhuAspecific protein antibiotic colicin M (data not shown).
The possibility that FepA and FhuA bound to H 6 -ЈTonB indirectly via colicin M and colicin B was discounted by a control experiment (Moeck, unpublished data) which demonstrated that colicin killing activity against susceptible E. coli strains in vivo was independent of prior incubation of the colicin solutions (colicin B purified protein, colicin M colicinogenic cell extract) with H 6 -ЈTonB and removal of any putative TonB-colicin complexes by precipitation with Ni 2ϩ -NTA agarose.
DISCUSSION
The work of Jaskula et al. (22) demonstrated that an anchorless form of TonB, although failing to energize TonBdependent processes in vivo, remained able to form a complex with the ferric enterobactin receptor FepA. Experiments with the purified ferrichrome-iron receptor from E. coli indicated that wild-type TonB, solubilized from the cytoplasmic mem- FIG. 7 . Analysis of H 6 -ЈTonB-FhuA.H 6 interaction by gel filtration. Proteins were incubated together at various molar ratios and then applied to a Superose 12 column. Dotted lines, experiments conducted without ferricrocin; solid lines, ferricrocin added to the protein sample before it was applied to the column. In all experiments, the amount of FhuA.H 6 applied to the column was 200 g; the amount of H 6 -ЈTonB ranged from 5 g (ca. 10-fold molar excess of FhuA) (A) to 18 g (ca.
3-fold molar excess of FhuA) (B) to 60 g (the concentrations of TonB and FhuA were approximately equal) (C). brane, was capable of both binding the receptor and sensing its ligand occupation status (43) . These results demonstrated that the interaction between receptors and both wild-type and Nterminally truncated TonB proteins could occur in the absence of the proton motive force and thus promoted the feasibility of in vitro reconstitution of high-affinity iron transport. To advance studies in this area, we isolated a TonB variant that lacked the N-terminal signal anchor. The favorable yield, purity, and stability of H 6 -ЈTonB make it a good candidate for crystallization and structure determination. Knowledge of the three-dimensional structure of TonB is essential for a complete understanding of bacterial iron nutrition and thus for designing iron transport inhibitors with potential therapeutic value against bacterial infections.
The homogeneity of the H 6 -ЈTonB preparation was ascertained by sedimentation equilibrium experiments. The data were consistent with 85 to 90% of the protein being monomeric and the remainder being dimeric. Size exclusion chromatography of H 6 -ЈTonB in phosphate buffer was indicative of a monodisperse and monomeric preparation, while 10 to 15% dimers were observed in another preparation of H 6 -ЈTonB (in detergent-containing TLN buffer). Cross-linking experiments indicated that H 6 -ЈTonB had a slight tendency to form oligomers with apparent mobilities between 70 and 80 kDa. These results are supported by the presence of H 6 -ЈTonB oligomers, as seen in mass spectrometry analysis (G. S. Moeck and B. Thatcher, unpublished data). A 77-kDa TonB-containing complex was observed in previous studies of in vivo crosslinking between TonB and other proteins of the cell envelopes of E. coli (54) and other gram-negative bacteria (30) ; however, the composition of the 77-kDa complex remains unknown. Taking into account the retarded migration of TonB in SDS-PAGE gels, it is likely that the 70-to 80-kDa complex which was observed in the present study represents dimers of H 6 -ЈTonB. In this regard, the native TonB amino acid sequence shows a weak propensity to form coiled coils (38) via interactions in a 14-amino-acid window (residues A 199 to R 212 ) near the C terminus. A ␤-strand-␣-helix-␤-strand motif involving this region has been proposed for TonB (26, 28) .
Like wild-type TonB, H 6 -ЈTonB showed anomalous behavior in polyacrylamide gels. It migrated with a relative mobility of ca. 35 kDa, which is similar to the apparent molecular mass of wild-type TonB (35 to 36 kDa in SDS-PAGE gels [29, 47] ) and is considerably different than would be predicted from its actual molecular mass of 25 kDa as deduced from its nucleotide sequence. It was concluded that the aberrant mobility of wild-type TonB stems from its characteristic proline-rich region since a TonB derivative carrying a deletion of this region (TonB⌬66-100) had a relative electrophoretic mobility in polyacrylamide gels that reflected its actual molecular mass (28) . By inference, the aberrant migration of H 6 -ЈTonB indicates that its proline-rich region adopts a conformation which is similar to that of wild-type TonB.
H 6 -ЈTonB also behaved anomalously in gel filtration studies since its migration was delayed compared to that expected for a globular soluble protein with the equivalent molecular mass. Anomalous elution through gel filtration matrices has been described for elongated proteins, such as myosin and fibrinogen (44) . The combination of size exclusion chromatography and sedimentation velocity measurements indeed indicated that H 6 -ЈTonB has an elongated form with an axial ratio of 15, so it may take the form of a rod that is 24 nm long and 1.6 nm in diameter.
These observations are reminiscent of recent data for the AcrA protein of the multidrug efflux complex of E. coli and for the TolA protein of the group A colicin import system of E. coli. These two proteins share features with TonB; they are anchored in or associated with the cytoplasmic membrane, and they are thought to extend into and across the periplasm. AcrA adopts a highly asymmetric form, as assessed by dynamic light scattering and analytical ultracentrifugation (59) . This finding is consistent with the presence of a 75-amino-acid central region of AcrA that is predicted to be largely ␣-helical. This region may span a distance of 10 nm, thereby aiding in the formation of protein-protein contacts (60) across the cell envelope. Similarly, the central ␣-helical domain of TolA adopts a rigid form (14, 36) , probably allowing the protein to span the periplasm to contact group A colicins, including colicins A and E1 (4, 15, 33) . Based on these results and in agreement with a nuclear magnetic resonance study of a synthetic peptide corresponding to the central proline-rich region of TonB (9), we propose that the elongated form of H 6 -ЈTonB reflects the form adopted by wild-type TonB and may bridge the cytoplasmic and outer membranes, which are thought to be separated by 15 to 20 nm (19) .
Size exclusion chromatography, ELISA, and in vitro capture experiments all showed that TonB-FhuA contact was greatly enhanced by prior binding of ferricrocin-iron to FhuA. Formaldehyde cross-linking stabilized a high-molecular-mass complex (relative mobility, ca. 150 kDa) that was detected by both anti-FhuA and anti-TonB antibodies. Preliminary results from mass spectrometry analysis (Moeck and Thatcher, unpublished) indicate that the stoichiometry of the complex corresponds to that of a H 6 -ЈTonB-FhuA.H 6 heterodimer, equivalent to the stoichiometry observed for the site-directed cysteine-cross-linked BtuB-TonB heterodimer (relative mobility, 100 kDa) (12) . By comparison, previous studies of in vivo cross-linking (30, 54) revealed a TonB-FepA complex with a relative mobility of ca. 195 kDa. Mass spectrometry and analytical ultracentrifugation using H 6 -ЈTonB may now be exploited to confirm the masses and stoichiometry of the various TonB-receptor complexes in a manner that is independent of their molecular forms. Furthermore, surface plasmon resonance techniques may now permit kinetic analyses of the interactions between TonB and purified TonB-dependent receptors, as demonstrated for the interactions between fragments of the E. coli TolA protein, a structural analogue of TonB, and the colicins which it translocates (14) . Two independent experiments indicated that H 6 -ЈTonB interacted in vitro with FhuA even in the absence of ferricrociniron. The H 6 -ЈTonB-FhuA complex was observed in Ni 2ϩ -NTA agarose capture experiments after the gel was overloaded and the H 6 -ЈTonB-FhuA.H 6 complex was visualized after cross-linking of the two proteins. However, no evidence for formation of a complex in the absence of ferricrocin-iron was obtained by size exclusion chromatography. These results may reflect a weak affinity of TonB for its receptors in the absence of their cognate ligands, as previously noted (43, 54) . Such weak TonB-receptor interactions are likely to be overrepresented by formaldehyde cross-linking since in the present study they were selectively disrupted with high concentrations of salt in the absence of an FhuA-specific ligand.
In vitro experiments with H 6 -ЈTonB realistically may now be extended to further define the regions of contact between TonB and TonB-dependent receptors. The TonB box (51), a short stretch of sequence homology near the N termini of high-affinity outer membrane receptors, is one region of TonBreceptor contact. Site-directed disulfide cross-linking revealed close associations between residues in the TonB box of BtuB and residues around amino acid 160 of TonB (12, 13) . Crystallographic analyses revealed dramatic ligand-induced changes on the periplasmic face of FhuA (17, 37) , which occurred just C terminal to the TonB box of FhuA, which is located between amino acids 7 and 11. Similarly, the TonB box of BtuB underwent a striking rearrangement upon addition of Vitamin B 12 to outer membrane preparations of E. coli; its helical conformation was converted into an extended, disordered structure that may have extended into the periplasm (39) . The TonB box of FepA (residues 12 to 18) was sufficiently ordered in FepA crystals (11) to be modeled; however, its extended conformation and ambiguity about the ligand occupation status of the receptor in the crystal revealed little in terms of a distinct structure that might be sensed by TonB. The ligand-mediated conformational changes in FhuA and FepA that resulted in increased coupling with TonB, as manifested in the present work, may be closely related to those revealed by crystallography. Structural analyses of TonB-receptor cocrystals are necessary to define with precision the protein-protein contact surfaces. Purifying the H 6 -ЈTonB-FhuA.H 6 complex by using preparative-scale size exclusion chromatography could render the complex amenable to such structural studies.
